Infrared (IR) spectromicroscopy combines infrared spectroscopy, a sensitive analytical chemistry technique, with microscopy to enable detailed chemical analysis on a microscopic scale [1] . Many common biomolecules, such as nucleic acids, proteins, lipids, among others have characteristic and welldefined IR-active vibrational modes [2] [3] [4] . With appropriate interpretation of measured IR spectra one can detect, identify, and quantify many molecular species within a biological sample. Sufficient signal to noise for detailed spectral interpretation of samples the size of individual human cells has only been very recently achieved by adding the brightness of synchrotron-based IR sources to the technique [5, 6] .
Fourier transform infrared (FTIR) spectromicroscopy with a synchrotron radiation-based (SR) source is a newly emerging bioanalytical and imaging tool that can monitor biochemical events within different compartments of an individual living cell without the need for fixing, staining, or labeling. Recent uses of synchrotron infrared spectromicroscopy include the examination of biological samples such as individual living cells [7] [8] [9] [10] [11] [12] [13] , tissue samples [14] [15] [16] [17] , microbialchemical interactions in environmental settings [18, 19] , protein conformations [20, 21] , and plant-soil interactions [22] . 4 In this overview, we describe briefly the SR-FTIR spectromicroscopy technique and demonstrate that this technique is a truly non-destructive chemical microprobe for biological and biomedical research.
All the measurements presented here were performed at the Advanced Light Source (ALS) Beamline 1.4 at Lawrence Berkeley National Laboratory, Berkeley, CA, USA [23] [24] [25] .
II. Synchrotron FTIR Spectromicroscopy
Conventional mid-infrared sources used in FTIR instruments are thermal emission elements that produce a graybody spectrum from a filament heated to 1000 to 2000 K. These elements are physically large (at least s everal millimeters), and typically radiate in all directions. The optics of the FTIR bench collect and collimate the light, pass it through the scanning interferometer, and then on to the all-reflecting IR microscope where the modulated IR light is focused to a small spot on a sample. Finally, the light that the sample reflects or transmits is collected, focused onto an appropriate infrared detector, and processed by a computer via a Fourier transform to produce an infrared spectrum. The thermal emission sources can be focused to 75 -100 µm with an IR microscope. To measure something smaller, you must mask away part of the incoming light, significantly reducing the signal strength. A true point source could be focused to a diffraction-limited spot size; with f/1 optics this is approximately the wavelength of the light [26] . This is where using a synchrotron as an IR source makes a big improvement.
A synchrotron is a high-energy electron storage ring optimized for the production and collection of the intense light radiated by the electrons upon 
III. No cytotoxic effects of SR-FTIR spectromicroscopy observed
We report the results from a series of tests to explicitly quantify the non- Finally, we determined the steady-state temperature rise in a typical biological sample continuously illuminated by the SR-IR beam to quantify any sample heating. Information on the temperature rise is important because many biochemical processes are temperature-sensitive.
A human T-1 cell-line from an established aneuploid cell-line derived from human kidney tissue was used in this study [29] . They were selected partly because of their high plating efficiency (> 90%), and partly because they have been previously used as a model biological system in studies of the effects of radiation and oxygen on human cells [30] [31] [32] [33] [34] . Most importantly the size of T-1 cells is typically ~10 micron in the G 0 and G 1 phases, which is similar to the size of the synchrotron IR beam.
A custom on-stage mini-incubator was used to maintain the proper moisture and growth environment for the cells while allowing in situ SR-FTIR spectromicroscopy measurements. The mini-incubator was temperature controlled via circulating water from a water bath, and infrared transparent CaF 2 windows on the top cover were separately temperature-controlled to avoid condensation. The location of the synchrotron infrared beam within the field of the microscope was fiducialized to approximately one micron by mapping a titanium on silicon calibration target [35] . Every exposure experiment was conducted at 37°C and lasted for less than one hour. Complete experimental details are found in reference [28] .
We employed the Alcian blue dye exclusion assay to measure short-term cell viability [36] . As shown in Figure 2 -i, neither cells exposed to up to 20 7 minutes of synchrotron IR beam nor nearby non-exposed cells retained the blue dye 6 hours after exposure. This indicates that the SR-IR beam did not produce detectable effects on the viability of exposed cells. Other exposed cells remained free of stain 12 and 24 hours after exposure indicating that their membranes still remained intact.
While this short-term test has revealed that cells were able to exclude the Alcian blue dye, a long-term colony-forming assay demonstrates that exposed and non-exposed cells continue to proliferate into colonies of similar size after Longer exposure times can be tested; however the living cell continues growing through its cell cycle, which results in other spectral changes as previously described [13] .
In all 5 assays studied (Alcian blue, colony formation, BrdU, MTT, and SR-IR spectra) we found no detectable changes between cells exposed for 5, 10, and 20 minutes to the synchrotron infrared beam and nearby non-exposed controls. 267 individual cells were tested using standard biochemical assays with zero tests showing any measurable cytotoxic effects (counting statistics error is 6.1%), with over 1000 control cells used ( Figure 3) . Additionally, infrared spectra that are a measure of the overall biochemistry within a cell were obtained from test and control cells, and showed no spectral changes. These results show that the high-brightness mid-IR synchrotron beam is not just nondestructive, but causes no detectable effects on the short-and long-term viability, proliferation, and metabolism within living human T-1 cells. Although the present study has focused on only one established human cell line, we 9 anticipate that these results will be generally applicable to most, if not all, living biological systems.
IV. Negligible heating detected
The power levels in the mid-IR spectral region of the SR beam are fairly modest (~1 mW integrated power [28]), however this power is focused onto one cell. Since all cellular processes are sensitive to temperature, we must determine the extent of heating by the intense synchrotron beam.
The phospholipid dipalmitoylphosphatidylcholine (DPPC) was utilized as an internal thermometer to determine the steady state temperature rise due to the continuous exposure to the SR-IR beam [38] . DPPC, when dispersed in water, forms bilayers which exist in at least two different states, depending on the temperature. These states are separated by a phase transition temperature (T m ) at around 315 K, when the bilayers are converted from a gel into a liquidcrystalline state [39, 40] .
The inset to Figure 4 shows the measured infrared spectrum of a 20:l dilution of hydrated DPPC dispersion at T=328 K (above T m ). As has been shown before [39, 40] , the methylene (CH 2 ) symmetric stretch vibration at around 2850 cm -1 and the phosphate asymmetric stretching mode around 1240 cm -1 shift when the sample passes through the phase transition. For this study we monitored the CH 2 symmetric stretch mode (labeled in Fig. 4 ).
The CH 2 symmetric stretch mode's center frequency was measured using the less bright thermal Globar™ IR source as the sample temperature was increased and decreased through T m . The results are displayed in main part of Figure 4 along with a best fit to the data using a Boltzman expression with a linear background. The transition temperature was determined by this fit to be T m = 316.7 ± 0.1 K.
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The sample temperature was continuously held at 317.0 K, where we would have maximum sensitivity to temperature changes as it is the point of greatest slope in Fig. 4 . The IR source was then switched to the brighter synchrotron source and infrared spectra were acquired every minute for 30 minutes to look for any heating that occurred instantaneously or more slowly over time. The temperature of the sample within the beam spot was measured by monitoring the position of the CH 2 symmetric stretch mode as previously calibrated. The sample temperature fluctuated slightly over the 30 minutes, however no discernable longer-term trends were observed.
Statistical analysis of the measured temperature fluctuations determined that the average temperature rise due to the SR beam is a very modest 0.5 ± 0.2 K. We therefore conclude that the synchrotron IR source does not appreciably heat the sample under investigation. Since the test sample is mainly water, 98%
by weight, we are confident that our result generalizes to most biological samples.
V. Conclusions
In summary, we have introduced the newly emerging synchrotron-based References:
